Cyclophosphamide [CP], as alkylating agents has side effects such as nephrotoxicity. Cerium oxide nanoparticles [nanoceria; NC], as an antioxidant, are effective at reduction oxidative stress. This study evaluated the protective effect of nanoceria in nephrotoxicity induced CP. 32 BALB/c mice were randomly divided into four equal groups. Control, NC, CP and NC+CP. NC and CP injected intraperitoneally respectively in dose of 100 μg/kg for 3 days and 200 mg/kg single dose on 3th day of study. Two days after the final treatment, histochemical, serum biochemical, histopathological and immunohistochemical examinations were performed for determination effects of NC on nephrotoxicity. Oxidative stress and renal injury induced in CP treated mice were proved by the significantly elevation of urea and creatinine and alteration in oxidative stress markers [MDA and GSH levels]. Consequently, histopathological changes and apoptosis were markedly increased. NC was able to reduce MDA, urea , creatinine and increase GSH content. In addition, NC pretreatment could alleviated immunoreactivity of caspase-3. NC revealed a strong antioxidant in nephrotoxicity following CP treatment. This study suggests that NC through antioxidant and antiapoptotic properties have protective effect against CP-induced nephrotoxicity.
INTRODUCTION
Cyclophosphamide [CP] , as a cytotoxic alkylating agent used in treatment cancers and as an immunosuppressive agent in organ transplantation and autoimmune diseases [1] . Despite its usefulness, its use due to undesirable effects, including nephrotoxicity, associated with restrictions [2] . Phosphoramide mustard and acrolein, as two of major metabolites of CP induce toxicity [3, 4] . These metabolites with alkylation nucleophilic sites in DNA, RNA, and protein cause toxicity [5] . Generation of free radicals and oxidative stress is the main mechanism for inducing toxicity [3] . The side effects of CP in cancer patients are glomerular and tubular dysfunction, renal papillary necrosis and pyelonephritis [ 2 ] . In CP-induced nephrotoxicity increase plasma CREA [creatinine] and BUN [Blood Urea Nitrogen] levels, which indicates renal glomerular dysfunction. However, despite the severe toxicity of cyclophosphamide in experimental animal and human studies [6, 7] , still clinicians prescribe it as the first line treatment for cancer patients. Also, exogenous antioxidant agents were revealed effective in mitigation of CP nephrotoxicity [6, 8] .
Nowadays, Nanoparticles [NPs] compounds have been used extensively in different diseases. Cerium oxide nanoparticles [Ceo2 NPs, nanoceria, NC] with structural characteristics between 1 to 100 nm have protective effects at low concentrations and toxic effects at high concentrations. In fact, their antioxidant property are considered to be in the treatment of diseases [9] . In recent years, use of nanoparticles, nanomedicine and nanotoxicology has attracted attention of a wide range of researchers [10] . NC, as a catalyst, mimics enzymatic antioxidants such as superoxide dismutase and catalase. The antioxidant potential of NC is comparable with superoxide dismutase [11, 12] . This nanoparticle with scavenging free radicals protects organs against oxidative stress [13] and decreases attraction of inflammatory cells [14] . Also, NC, as a regular antioxidant diminishes oxidative disruption of membranes and maintain the integrity of the cell membrane [15] . Protective effect NC has been demonstrated against damage induce with radiation [16, 17] . On the other, Synergistic effects of NC and doxorubicin show on cytotoxicity, production ROS and oxidative injury in tumoral cells ]18[. In previous study proved anti-apoptotic property of NC on injury following oxidative stress [19, 20] . However, the protective effect of the NC on CP-induced nephrotoxicity has been not established. The aim of this study was to determine whether NC can protect nephrotoxicity induced CP. The extent of the protective effect of NC against CP-induced nephrotoxicity and its antioxidant and anti-apoptotic effects were determined by studying the oxidative stress markers, renal injury indexes [CREA and BUN], histopathology and immunohistochemistry assays in mice.
RESULTS

Effects of NC on oxidative stress markers of kidney tissue in CP treated mice
The malondialdehyde [MDA] and Glutathione (GSH) levels in kidney tissue are presented in figure  1 . The MDA level, as the final product of lipid peroxidation [LPO] , was significantly increased, and Glutathione [GSH] content was decreased in CP treated group compared with control group (respectively p< 0.001 and p< 0.001). NC pretreatment in CP treated mice was significantly decreased the MDA and significantly increased GSH content when compared with CP alone group (respectively p≤ 0.015 and p< 0.001). Mice were treated with CP showed an increase in the MDA level and decrease in GSH content compared with control group. Treatment with NC in CP treated mice significantly decreased concentration of MDA and increased GSH content in the renal tissue compared with CP group. All values are expressed as mean ± SD. a significant vs. control, b significant vs. NC and c significant vs. CP groups. *; P<0.05, **; P<0.01, *** and P<0.001. NC; Nanoceria, CP; Cyclophosphamide, MDA; Malondialdehyde, GSH; Glutathione.
Effects of NC on serum BUN and CREA in CP treated mice
Serum creatinine and BUN levels, as injury markers of kidney, measured in the present study. Figure 2 presented the effect of CP and NC on the blood concentration of these markers. The levels of the serum BUN and CREA were significantly higher in the CP treated mice at a dose of 200 mg/kg of body weight, when compared to the control group (respectively p < 0.001 and p < 0.001). NC pretreatment in CP treated mice significantly decreased the level of these markers compared to the CP alone group (respectively p ≤ 0.017 and p ≤ 0.02). All values are expressed as mean ± SD. Mice were treated with CP showed an increase in the serum creatinine and BUN levels. Pre and post treatment with NC significantly decreased these markers in the serum. a significant vs. control, b significant vs. NC and c significant vs. CP groups. *; P<0.05, **; P<0.01, *** and P<0.001. NC; Nanoceria, CP; Cyclophosphamide, BUN; Blood urea nitrogen, CREA; Creatinine.
Effect of NC on histopathology of kidney tissue in CP treated mice
The effects of CP on histological structure are presented in Figure 3 . Glomerular and tubular structure of kidneys were no histopathological changes in the control group (A) and NC alone group (B). In contrast, CP treatment induced degeneration epithelial cells, leukocytes infiltration, tubular and glomeruli atrophy, widened Bowman's space and thickened basement membrane of Bowman's space, pyknotic nuclei and basophilic of renal epithelium, the appearance of protein columna [casts] in the renal proximal tubules in CP treated mice when compared with the control group, indicating the nephrotoxicity of CP. (C). The results of the histopathology improved kidney damage in CP+NC group (D). NC pretreatment was able to ameliorate these histopathological alternations. Renal injury scores, as shown in Figure 4 , in CP group had a higher score than other groups. The injury score of CP group was 2.5±0.55, while the CP+NC group scored 1.5 ± 0.55, and this difference was significant (p ≤ 0.02). Data are presented as Mean ± SD. The most score was for CP group. a significant vs. control, b significant vs. NC and c significant vs. CP groups. *; P<0.05, **; P<0.01, *** and P<0.001. NC decreased renal injury score in the NC+CP group. NC; Nanoceria, CP; Cyclophosphamide.
Effect of NC on immunoreactivity of caspase-3 of kidney tissue in CP treated mice
Immunohistochemical photomicrographs of the kidney are showed in Figure 5 . Caspase-3 positive cells were stained as brown color. caspase-3 immunoreactivity was undetectable in section of kidneys in the control and NC groups. Increase immunoreactivity level of caspase-3 demonstrated marked in CP-treated mice. Immunoreactivity staining was observed severe to moderate in the cytoplasm of tubular epithelial cells in the cortex or medulla of kidney and the visceral layer of Bowman's capsule (A). Immunoreactivity staining of caspase-3 in epithelial cells in CP treated mice with NC (100 µg/kg) displayed marked reduction in staining for caspase-3 (B), compared to CP alone group. The histograms of the semi-quantitative analysis of immunohistochemical detection of caspase-3 in all groups are shown in Figure 6 . The most intense immunoreactivity of caspase-3 was confirmed by semi-quantitative analysis in CP treated mice (19.73 ± 3.96) compared with the other groups (p<0.05). NC treatment decreased severity of immunoreactivity of caspase-3 in CP treated mice (14.53 ± 2.63). Immunoreactivity level of caspase-3 in the control group was similar to NC alone group. Data were presented as a percentage of total tissue area. Immunoreactivity level of caspase-3 in the NC alone group was slightly higher compared to the control group, but this increase was not significant. a significant vs. control, b significant vs. NC and c significant vs. CP groups. *; P<0.05, **; P<0.01, *** and P<0.001. Data are presented as Mean ± SD. NC; Nanoceria, CP; Cyclophosphamide.
DISCUSSION
Cyclophosphamide, as a main antineoplastic agent and immune suppressor have side effects on organs by its toxic metabolites [21] .The kidney is the target organ affected by CP ]2[ . Most of metabolites of CP are excreted through the urine. In during the excretion process, metabolites of CP induce nephrotoxicity [22] . A strategy is needed to reduce the side effects of anticancer drugs with the maintenance of its chemotherapeutic efficacy. To estimate potential therapeutic of nanoceria as an antioxidant, we investigated serum biochemical, histochemical, histophatological and immunohistochemical assays in nephrotoxicity induced CP. In this study, the parameters of oxidative stress, serum markers of renal injury were significantly increased in CP treated mice compared to the control group. Also, immunoreactivity of caspase 3, as marker of apoptosis increased in CP treated mice. Administration of NC in CP treated mice revealed reduce oxidative stress, histopathological change and apoptosis which induced by CP. The findings of this study considerably showed antioxidant potential of NC against CP induced nephrotoxicity.
Acrolein, as one of the metabolites of CP decrease glutathione and liver microsomal enzyme activities and subsequently leads to toxicity [23] . Blood creatinine measure to evaluate kidney function and glomerular filtration rate [GFR] [ 24 ] . In present study, levels of serum creatinine significantly increased in CP-treated mice, which is confirmed renal dysfunction. BUN level was also found to be increased in the CP-treated mice. Elevation of BUN and CREA levels are markers of renal injury, which with NC pretreatment significantly decreased these markers. Our previous studies showed that NC is effective in mitigation hepatotoxicity and testicular toxicity [not publish].
Oxidative stress occurs due to an imbalance between oxidants and antioxidants status ]25[ and can be determined by evaluation of oxidative stress parameters. GSH as an important antioxidant exist in different redox specie ]26[ and plays a role in cytoprotection against oxidative injury. In clinical applications, CP induced oxidative stress that has a significant role in the incidence of nephrotoxicity [27] . CP can inhibit antioxidant enzymes activities [glutathione S-transferase; GST, glutathione peroxidase; GPx, superoxide dismutase; SOD, catalase; CAT] and reduce GSH levels [28] . In this study, it was revealed that the administration of CP has a direct effect on the oxidative markers. The administration of CP was found to cause a significant increase in MDA level and decrease in the GSH content, which was confirmed with histochemical assay. However, NC administration in CP treated mice showed a significant decrease in MDA level and increase in GSH content that may be due to the antioxidant effects of NC. The expression of antioxidant proteins adjust by Nrf2 as a key protein. CeO2 able to reduce the translocation Nrf-2 from cytoplasm into the nucleus and subsequently reduce gene expression of heme oxygenase-1[HO-1]. So Nrf2/HO-1 inhibition were necessary for cytoprotective effect against oxidative effect [29] . NC are able to increase GSH, GPX1, SOD and catalase levels and as a powerful antioxidant agent protect organs against oxidative injury [13] . Therefore, protective effect of NC can related to the inhibition of lipid oxidation and reduction of oxidative stress markers. NC with transition between cerium (III) and cerium (IV) oxidation states, has high oxygen storage capacity and can an excellent choice as a catalyst [30] . Also, NC with having SOD mimetic activity scavenge free radicals and has regenerative role [31] . Additionally, it has reported that NC convert superoxide radicals to peroxide and then intermediately to peroxo-complexes [32] . Reaction of peroxide with NC miss formation of this peroxo-complex [33] CeO2 nanoparticles have been reported to effectively protect mammalian cells against ROS-induced oxidative stress injury [34] . On the other hand, kidney is as a main organ for uptake of NC after liver and spleen [35] . NC accumulate in the plasma membrane and mitochondrial outer membrane of organs [36] and increases cellular resistance against exogenous oxidative stress [37] . Regenerative and therapeutic potential of NC reported in hepatotoxicity [13] , brain toxicity [38] , radiation-induced gastrointestinal epithelium injury [39] , radiation-induced pneumonitis [40] . Consistent with these studies, our study demonstrate nephroprotection of nanoceria against chemotherapy. Although many studies have found antioxidant and cytoprotective effects of nanoceria, studies have also shown a reverse result [41, 42] . The different effects of NC are related to differences in size, shape, dose, method of preparation and the surface charges during the synthesis process affect at findings [43, 44] In our study, NC with anti-oxidative properties confirmed that have protective effect against oxidative stress and free radicals.
Im m u n o h is t o c h e m is t r y
Nanoceria decrease apoptosis with inhibition of programmed cell death pathway through the effect on the production of free radicals [45] The important finding of this study is that NC significantly inhibits apoptosis via decrease immunoreactivity of caspase-3 in CP-induced apoptosis. CP with generation oxidative stress, product crosslinks in DNA-DNA and DNA-protein and then cause DNA damage [5] . Kwon et al. have been found NC are mainly localize in mitochondria, mitigate oxidative stress and subsequently mitochondrial damage and suppress cell death [46] . Also, NC with down-regulating expression of apoptosis signaling pathways have protective effect on organs [47] The activation of caspases induce apoptosis which cleave intracellular proteins [48] . Nanoceria is able to decrease caspase-8 mRNA expression and caspases-9 and -3 activity [47] . In the present study, CP significantly increased apoptosis in renal epithelial tubular cells in cortex and medulla area, whereas treatment with NC significantly decreased apoptosis. These findings clearly indicated the potential anti-apoptosis property of NC against CP therapy.
Chemotherapeutic effect of NC proved against doxorubicin. Furthermore, NC enhance anti-tumoral activity of doxorubicin and increase apoptosis in cancer cells. Also, they were exhibited that NC have cytotoxic effects. But co-treatment cancer cells with doxorubicin and NC showed synergistic effects [49] . In our pilot study, we saw cytotoxic effect of NC in dose of 5 mg/kg for 7 days, and co-treatment NC and CP markley decreased oxidative stress markers, renal injury markers, histopathological and apoptosis in kidney [not publish]. Akhtar et al. investigated effect of NC with 20, 50, 100 and 200 µg·mL concentrations on oxidative stress in in vitro condition. They have shown NC is no effect on cell death. Furthermore, NC with increase of GSH was maintained cell viability [50] .
Khaksar et al. showed NC with 35 mg/kg daily for two weeks have protective effect against diazinoninduced pancreatic damage. They proved NC can decrease oxidative stress and apoptosis [caspase 3 and 9] [51]. Serebrovska et al. showed NC with dosage of 0.6 mg/kg for 4 times during the study have antiinflammatory and anti-oxidant property. They treat NC with orogastric catheter [52] . In present study, we investigate the ability of nanoceria in decrease oxidative stress parameter, renal injury indexes, apoptosis and improved nephrotoxicity in CP treated mice with injection NC with 100µg/kg for 3 times via intraperitonealy.
The most important limitation of this study was assessment anti-inflammatory property of this extract.
CONCLUSION
In summary, this study shows protective effect of cerium oxide nanoparticles pretreatment against CPinduced nephrotoxicity. NC with anti-oxidant and anti-apoptotic properties attenuates renal injury. The antiapoptosis potential of NC might be due to its antioxidant property. These results may be helpful for more application of nanoceria in biomedical fields in the future.
MATERIALS AND METHODS
Animals
Thirty two male BALB/c mice, weighing 25-30 g were prepared by the Institutional Animal Care and ethics Committee of the Medical science of Mazandaran University, Sari, Iran [ID:
IR.MAZUMS.REC.1395.S222]. For adapting to the experiment environment, the animals were maintained on a 12 hours light: dark cycle and 20-25 °C for one week. They had free access to food and water during the study period.
Study design
In this study, the animals were randomly divided into 4 groups of 8 animals each group.  Group I as the control and were received normal saline.  Group II [NC] were received NC at a dose of 100 µg/kg by intraperitonealy for 3 consecutive days. daily for three consecutive days before CP injection. The doses of NC were selected according to pilot study and CP were selected according to previous studies [53] . Both drugs were dissolved in normal saline. The sixth day of the study, serum biochemical, histochemical, histopathological and immunohistochemical assays were evaluated.
Specimen collections
The animals were anesthetized with ketamine [50 mg/kg] and xylazine [5 mg/kg] three days after drug administration, blood samples were collected from the heart. Serum were separated from coagulated blood with 3000 × g for 15 min, and stored at −20°C for evaluating serum CREA and BUN. Then animals were sacrificed and kidneys were immediately removed. One of the kidneys washed with cold phosphate buffer saline [PBS] and weighed for histochemical evaluation, other kidney fixed in 10% buffer formalin for histopathological and immunohistochemical assays.
Measurement of malondialdehyde (MDA)
MDA or Lipid peroxidation was measured as previous standard method. Kidney sample was homogenized. Then, 0.1 mL of this sample, 1 mL of 0.6 % 2-thiobarbituric acid, 3 mL of 1 % phosphoric acid0.1 mL of distilled water were mixed together. After 45 min boiling in water bath, the mixture was cooled, and then 4 mL of n-butanol was added to extract the cold thiobarbituric acid reactants. After that, 4 mL of nbutanol was added, and the samples were centrifuged at 3000 ×g for 5 min for separating butanol layer. Nbutanol layer optical density was determined by spectrophotometry. A standard curve of MDA was created. MDA concentration was expressed as µg/mg protein.
Measurement of glutathione [GSH] content
Content of the glutathione in the samples was determined by spectrophotometer [UV-1601 PC, Shimadzu, Japan] with 5,5'-dithiobis-2-nitrobenzoic acid [DTNB] as an indicator at 412 nm and expressed as μM.
Serum biochemical assay
The blood urea nitrogen [BUN] and CREA were analyzed by spectrophotometry using the quantitative detection kit, Pars Azmoon, Cat. No. 1 400 009 and 1 400 029, IRAN.
Histopathological assay
For histopathological assay and to determine the effect of CP and NC on kidney, samples were fixed in 10% [w/v] buffer formalin for 24 hours. After processing and embedding, sections with 5µm thickness stained with periodic acid-Schiff [PAS] for evaluation of tubular atrophy and then examined microscopically. Degeneration, interstitial expansion with leukocytes infiltrated, tubular and glomeruli atrophy, thickening of the basement membrane, tubular epithelial cell detachment, pyknotic nuclei of renal epithelium and the appearance of protein columna [penetration of protein] parameters were scored. As a final point, tubular damage (in 5 fields/each section) was scored by using the percentage of cortical tubules that showing epithelial necrosis: 0 index; <25% damage was assigned 1; 25%-50% damage was assigned 2; 50%-75% damage was assigned 3 and >75% damage was assigned a 4 index [54] . All the histological studies were evaluated by a histologist as blind under light microscope (Nikon 200).
Immunohistochemical assay
Immunohistochemical technique was performed according to the instructions kit manufacturer [Abcam Company, USA]. At first sections of tissues were deparaffinized with xylene and then rehydrated in alcohol series. After that, they were incubated by 0.3% H2O2 in methanol to block endogenous peroxidase activity for 15 minutes. After this steps, the tissue sections were incubated with protein blocker for 10 minutes. After incubation at 4°C overnight with primary antibodies [anti-caspase 3 rabbit polyclonal antibody, 1:100 in PBS, v/v, Abcam, Lat: GR224831-2] at 4°C overnight, serial sections of tissues were intubated with secondary antibody conjugated with horseradish peroxidase [Mouse and Rabbit Specific HRP/DAB, Abcam, Lat: GR2623314-4] for 20 minutes, sections were incubated with diaminobenzidine tetrahydrochloride for 5 minutes [55] . Then the slides were dehydrated in alcohol series. Finally, all the slides were assessed under light microscope with a magnification of ×40. For the quantitative analysis, immunohistochemical photomicrographs were assassed using MacBiophotonics Image J 1.41a software by densitometry method. The positive staining severity was assessed as the ratio of the stained area to the entire field assessment.
Statistical analysis
Statistical data analysis was done using SPSS 19 version (Chicago, USA). All of the data are expressed as mean ± standard deviation [M±SD] . Different groups were compared with each other by using One-Way ANOVA test. p < 0.05 was considered statistically significant.
